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The pathogenesis of hepatitis C virus (HCV)-associ-
ated liver injury involves many genes from multiple
pathogenic pathways. cDNA array analysis, which ex-
amines the expression of many genes simulta-
neously, was used to achieve new insights into HCV
liver injury. Membrane-based cDNA arrays of 874
genes compared HCV-associated cirrhosis with auto-
immune hepatitis-associated cirrhosis as an inflam-
matory and cirrhotic control, and with nondiseased
liver tissue. Array analysis identified many differen-
tially expressed genes that are important in inflam-
mation, fibrosis, proliferation, signaling, apoptosis,
and oxidative stress. Genes up-regulated in HCV-asso-
ciated cirrhosis were predominantly associated with a
Th1l immune response, fibrosis, cellular prolifera-
tion, and apoptosis. Novel observations of differential
gene expression included increased expression of se-
creted apoptosis-related protein 3, a Wnt pathway
gene possibly involved in cellular apoptosis.
EMMPRIN (CD147) and discoidin domain receptor 1
(CD167) were also shown to be increased and are
likely to play a role in liver fibrosis. Real-time quan-
titative reverse transcriptase-polymerase chain reac-
tion confirmed the increased expression of 15 genes.
The comparison of HCV cirrhosis with autoimmune
hepatitis cirrhosis showed a marked difference in the
apoptosis-associated gene profile with HCV cirrhosis
characterized by increased proapoptotic gene expres-
sion whereas autoimmune hepatitis was character-
ized by increased expression of both antiapoptotic
and proapoptotic genes. Furthermore, expression
of P-catenin and the fibrosis-associated protein
EMMPRIN were localized by immunohistochemistry
to the plasma membranes of hepatocytes and biliary
epithelium. In conclusion, HCV-associated cirrhosis
was characterized by a proinflammatory, profibrotic,

and proapoptotic gene expression profile. (Am J
Patbol 2002, 160:641-654)

Investigation into the pathogenesis of hepatitis C virus
(HCV)-related liver injury has focused on the virus itself,
the inflammatory response, the specific immune re-
sponse, and the role of the hepatic stellate cell (HSC) in
fibrosis."? Hepatic inflammation in chronic HCV is char-
acterized by a persistent intrahepatic Th1 immune re-
sponse with ongoing viral replication.®* Th1-associated
intrahepatic cytokines such as interleukin (IL)-2, interfer-
on-v (IFN-vy), IL-18, and tumor necrosis factor (TNF) are
up-regulated in chronic HCV infection.®*® Furthermore,
chemokines and receptors that promote the accumula-
tion of Th1 cells, such as CXC chemokine receptor
(CXCR)-3, its ligands CXCL10 (IFN-y-induced protein;
IP-10), CXCL9 (IFN-y-induced monokine; HuMIG) and
CC chemokine receptor 5 and its ligands CCL5 (regulat-
ed on activation normal T-cell expressed and secreted;
RANTES), and CCL3 and CCL4 (macrophage inflamma-
tory protein-1a and -18) are selectively increased in
chronic HCV disease.” ® The specific immune response
in HCV has been closely studied and shows diminished
anti-HCV-specific CD4™* and CD8™ responses in chronic
versus acute HCV infection.”'© Although intrahepatic
HCV-specific cytotoxic T cells are readily detected in
chronic HCV infection only 1 to 2% of the CD8+ hepatic
infiltrate is HCV-specific."’ Therefore, in chronic HCV
infection the Th1 response is insufficient to clear the virus
and is associated with a predominantly nonspecific
chronic inflammatory response resulting in persistent
liver injury. "1

In HCV liver injury this inflammatory response is asso-
ciated in many individuals with progressive tissue fibro-
sis, the development of cirrhosis, and finally hepatocel-
lular cancer (HCC). Some data suggests that certain HCV
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proteins when overexpressed in vivo or in vitro may be
oncogenic.'? However, it is likely that the development of
HCV-associated cancer is related to the persistence of
chronic unrelenting intrahepatic inflammation with an at-
tendant proliferative response and is not directly because
of HCV."®"* This contention is supported by the obser-
vation that HCV-associated HCC without previous cirrho-
sis is rare, unlike the situation in chronic HBV infection.'®
Furthermore, HCV-associated liver injury is characterized
by increased hepatocyte proliferation and cell turn-
over.'®16 Associated with the increased cellular prolifer-
ation there is greater expression of proapoptotic genes
such as Fas in HCV-related liver injury.'”'® Fibrosis in
chronic HCV infection is characterized by HSC activation
by transforming growth factor-g (TGF-B) and other inflam-
matory mediators with increased connective tissue
growth factor (CTGF) production and attendant in-
creased matrix turnover, collagen deposition, up-regula-
tion of matrix metalloproteinases (MMPs),'® and expres-
sion of the gelatinase fibroblast activation protein.°

cDNA array analysis is a powerful descriptive method
of examining the expression profile of hundreds to thou-
sands of genes in unison. Three types of arrays are
commonly available: 1) nylon membrane arrays using
radiolabeled probes (°2P or *°P), 2) glass slide microar-
rays using dual fluorophore-labeled probes, and 3) DNA
chip technology with oligonucleotides fixed to a silica
substrate.®’ Although both microarray technology and
DNA chip technology are powerful techniques their wide-
spread use is limited by cost, availability of equipment,
and expertise.?"?? In contrast, using cDNA arrays on
nylon membranes with radiolabeled probes is a more
readily accessible technology.?®2°

Two reports profile gene expression in chronic human
liver disease using cDNA array analysis; our own mem-
brane cDNA array analysis comparing primary biliary
cirrhosis (PBC) to primary sclerosing cholangitis (PSC)
cirrhosis®® and a microarray comparison of chronic HCV
with chronic HBV liver injury.” It is unclear whether the
dissimilar experimental strategies and array methodolo-
gies adopted give equivalent results. The experimental
strategy that we adopted utilizes cDNA array analysis as
an initial approach to profile gene expression, which is
followed by confirmation, in individual patient samples, of
differential expression by quantitative real-time reverse
transcriptase-polymerase chain reaction (RT-PCR). Fur-
ther, differential gene expression is categorized with
pathogenic processes, enabling the identification of
gene groups or pathways that may be important in liver
pathobiology.

The aim of this report was to use cDNA array analysis
to examine intrahepatic differential gene expression in
HCV-associated cirrhosis. This article describes multiple
novel observations of differentially expressed genes in
the linked pathogenic processes of inflammation, regen-
eration, apoptosis, and fibrosis. The data provides further
evidence for a persistent Th1-associated inflammatory
response. In addition, a striking difference was seen in
the expression of apoptosis-related genes in HCV-asso-
ciated cirrhosis compared to autoimmune hepatitis (AlH)-
associated cirrhosis.

Materials and Methods

Tissue and RNA [solation

Total RNA was isolated from end-stage cirrhotic HCV
(n = 6; 4 males and 2 females; mean age, 50 years) and
end-stage cirrhotic AIH (n = 4; 4 females; mean age, 23
years) tissue obtained from liver explants. Nondiseased
tissue was obtained from transplant donor liver biopsies
and from normal tissue obtained during hepatic metas-
tasis resection (n = 8; 4 males and 4 females; mean age,
39 years). The mean age of all of the patients at time of
specimen collection was 39 years. All nondiseased tissue
was obtained from patients who were noncirrhotic
whereas all of the cirrhotic tissue was from patients who
were Child-Pugh class C. Chronic lobular inflammatory
activity, piecemeal necrosis, and end-stage cirrhosis was
evident in all HCV- and AlH-associated cirrhosis speci-
mens. Tissue was obtained following institutional ethics
committee approval and Australian Medical Research
Council guidelines. Total RNA and poly A" mRNA were
isolated as previously described.?®

cDNA Array Analysis

Two nylon membrane-based cDNA arrays were used: the
ATLAS Human Gene Array 1.0 (588 genes and 9 house-
keeping genes) and the ATLAS Cytokine/Receptor Array
(268 genes and 9 housekeeping genes) (Clontech Lab-
oratories, Inc., Palo Alto, CA) (Figure 1). A list of all of the
genes on these two arrays with summaries of gene func-
tions is at http.//www.clontech.com/atlas.

Probes from end-stage cirrhotic HCV, end-stage cir-
rhotic AIH, and donor liver and normal liver tissues were
hybridized once to the ATLAS Cytokine Array and once to
the ATLAS Human Gene Array. The probe in each exper-
iment was made by first pooling equal amounts of total
RNA from four individuals in each group and then isolat-
ing polyA+ mRNA. The pooled polyA+ mRNA was sub-
sequently labeled using the appropriate CDS primer mix
(Clontech Laboratories, Palo Alto, CA) with 32P-dCTP and
hybridized to the membranes as described previously.?®
The pooling of samples is a means of normalizing for
individual differences in array analysis.?® Therefore, the
array results presented represent a single hybridization
from pooled patient samples. Probe synthesis, subse-
quent hybridization, and analysis of the expression data
were performed as previously described.?® Low abun-
dance signals were defined as signals less than twice
background and represented up to 61% of the signals on
the arrays used. Given the use of **P-labeled probes to
maximize sensitivity 90 signals were excluded from sub-
sequent analysis because of blooming or membrane
contamination. The housekeeping gene used for normal-
izing data was ubiquitin.?®

Quantitative RT-PCR

The differential expression of select genes identified after
cDNA array analysis was confirmed by quantitative real-
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Figure 1. Examples of ¢cDNA arrays. ATLAS Human Gene Array 1.0 (597 genes) (A) and ATLAS Cytokine Receptor Array (277 genes) (B), both probed with
32p-dCTP-labeled HCV mRNA (pooled from four patients). The magnified portion of the ATLAS Cytokine Receptor Array compares the 3*P-dCTP signal from the
HCV-associated cirrhosis and normal liver probes. Differences in signal intensity could be discerned, even without ubiquitin housekeeping gene adjustment, by
using hepatocyte growth factor activator (i) as a reference. This analysis produced differential expression ratios of twofold in DDR1 (CD167) (ii) and 4.6-fold in

CXCR4 (iii).

time RT-PCR. Briefly, the mRNA expression of these
genes was measured separately in six individuals with
HCV-associated cirrhosis and four nondiseased liver tis-
sue samples in duplicate on two different cDNA samples
as previously described.?®?° The genes assayed were:
helix-loop-helix protein 1R21, transducer of Erb B2
(TOB), CTGF, extracellular MMP inducer (EMMPRIN,
CD147), stromal cell-derived factor 1 receptor (CXCR4),
CDC-like kinase 2 (CLK2), discoidin domain receptor
(DDR)-1, ephrin A3, secreted apoptosis related protein 3
(SARP3), secreted frizzled related protein 3 (FRITZ),
B-catenin, neuromodulin (GAP43), glial cell-derived neu-
rotrophic factor (GDNF), neogenin, and brain-derived
neurotrophic factor (BDNF).

The primer sequences were: CTGF forward 5’
TCCCACCCAATTCAAAAC 3, reverse 5' CAAAATAG-
CAGGCATATTACTCGG’; TOB forward 5 AACAAG-
CATCCAAAGAGAG 3, reverse 5 TTACAGCAGCA-
GAGTGACC 3’; helix-loop-helix 1R21 forward 5’
ACCCCCAAGTTCTAAGGTC 3', reverse 5’ TCGCATTGT-
TACAGAAAGTC 3'; CXCR4 forward 5" TCAGTGAGGCA-
GATGACAG 3’ and reverse 5" TCCCAATGTAGTAAG-
GCAG 3’; SARP3 forward 5" CAGTGTGAGATGGAG-
CACAG 3, reverse 5" GTAGAAGAAAGGGTAGTAGAGG
3’; EMMPRIN forward 5 ACAAGATCACTGACTCTGAG-
GAC 3, reverse 5" TTC-TCAATGTGTAGCTCTGACC 3';
B-catenin forward 5" CATTACAACTCTCCACAACC 3,
reverse 5 CAGATAGCACCTTCAGCAC 3’; FRITZ for-
ward 5 CAGTAGTGGAGGTGAAGGAG 3', reverse 5’
GAGTCCAAGATGACGAAG 3’; ubiquitin forward 5" GT-
TGATCTTTGCTGGAAAAC 3, reverse 5 AATGCCTTC-
CTTGTCCTG 3'; CLK2 forward 5" AAAGCATAAGCGAC-
GAAG 3’, reverse 5 TTCATAGGAATGCCGATAG 3’;
DDR1 forward 5" TTTCCCTCGATCTCGACTCC 3, re-
verse 5" GAGCCTCGACATGATCTTCAC 3’; ephrin A3
forward 5° GGCCACGAGTACTACTACATCTCC 3', re-
verse 5 CAGCAGACGAACACCTTCATC 3’; GAP43 for-
ward 5" TGACGACCAAAAGATTGAAC 3'; reverse 5’
TTCTCCCTTCTTCTCCACC 3’; GDNF forward 5" CAC-
CAGATAAACAAATGGCAG 3, reverse 5" TTCATAGC-

CCAGACCCAAG 3'; neogenin forward 5" CAT-
GAGAGACTGGAGCTGAAAC 3', reverse 5" TGGAAAT-
GATGGTGAGGG 3’; and BDNF forward 5" TAAAGTGG
GAAGAAGGAG 3, reverse 5 TAGGGAGA-AAGCA-
GAAAC 3.

Immunohistochemistry

Liver tissue was stored at —70°C, cut in a cryostat at
—18°C and fixed in 100% acetone at —20°C. Sections
were blocked with 0.5% azide, 1% bovine serum albu-
min, and 1% normal rabbit serum for 20 minutes before
application of the monoclonal primary antibody [B-cate-
nin C19220 (Transduction Laboratories, Lexington, KY),
EMMPRIN MEM-M6/13°] at 10 pg/ml for 2 hours. The
secondary antibody, a 1:50 rabbit anti-mouse horserad-
ish peroxidase (P0240; DAKQO, Carpinteria, CA), was ap-
plied for 45 minutes. The peroxidase activity was visual-
ized using NovaRED (Vector Laboratories, Burlingame,
CA). Tissue was then counterstained in 0.1% Mayer's
hematoxylin  (Amber Scientific, Belmont, WA) and
mounted in Eukitt (O. Kindler GmBH and Co., Freiburg,
Germany).

Statistical Analysis of Gene Array Data

Results are expressed as means *= SE. Statistical com-
parisons were performed using a nonparametric Mann-
Whitney U test. Statistical analysis used Statview 4.5.1
(Abacus Concepts, Berkley, CA) and regression plots
were generated in KaleideGraph 3.0 (Synergy Software,
Reading, PA).

Results

Gene Profiling of HCV-Associated Cirrhosis

The clustering of genes based on their relative expres-
sion (Figure 2) indicated gene groups that were similarly
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Figure 2. Clustering of the 874 genes. Each line across all comparisons represents a single gene with up-regulation indicated in increasing red and
down-regulation indicated in increasing green. Genes were clustered according to the nature and extent of their differential expression; the four comparisons of
HCV cirrhosis, ATH cirrhosis, PBC cirrhosis, and PSC cirrhosis to nondiseased tissue (A) and HCV cirrhosis and AIH cirrhosis compared to each other as well as
to nondiseased tissue (B). There was ~50% similarity expression in the various forms of cirrhosis in (A) and >70% similarity in the patterns of expression in
hepatitic HCV- and AlH-associated cirrhosis compared to nondiseased tissue (B, indicated in both instances by the dashed line with an asterisk). This graphical
depiction of the data identifies groups of genes, such as those that appear uniquely expressed in HCV compared to other forms of cirrhosis with either increased
(D or decreased (II) expression compared to nondiseased tissue. Further, increased gene expression in hepatitic cirrhosis (B) showed genes with increased
expression in HCV-associated cirrhosis compared to both nondiseased tissue and AlH-associated cirrhosis (IID), both HCV- and AlH-associated cirrhosis compared
to nondiseased liver tissue (IV and V), HCV-associated cirrhosis compared to ATH-associated cirrhosis in addition to both of these diseases compared to
nondiseased liver tissue (V), and ATH- but not HCV-associated cirrhosis compared to nondiseased tissue (VD).

up-regulated or down-regulated. In addition, it was a
rapid screen for gene groups of interest. This clustering
analysis revealed that ~50% of genes had a similar pat-
tern of expression in HCV-, AlH-, and PSC-associated
cirrhosis and PBC compared to nondiseased tissue (Fig-
ure 2A). Similarly, in the two hepatitic diseases HCV-
associated cirrhosis and AlH-associated cirrhosis >70%
of genes had similar patterns of expression compared to
nondiseased tissue (Figure 2B). Although the patterns of
gene expression were similar there were differences in
the degree of differential gene expression in HCV- and
AlH-associated cirrhosis when compared to nondis-
eased tissue (Figure 2B). All differential expression data
are depicted by color intensity in the supplemental ma-
terial clustering figure and the dendrogram on that figure
is labeled with each gene name.

Differential Expression in HCV-Associated
Cirrhosis

Of the 20 most up-regulated genes (Table 1), the expres-
sion of CTGF, TOB, SARPS3, cytokine receptor EB13, and
cyclin-dependent kinase inhibitor 1C (CDKN1C) p57KIP2
were greater in HCV-associated cirrhosis compared to
either nondiseased liver tissue (Table 1A) or AlH-associ-
ated cirrhosis (Table 1B).

Gene expression in HCV and AlH that was less than
nondiseased liver tissue was also examined. Erb B4 re-
ceptor, stem cell factor, and CC chemokine receptor-2
were markedly down-regulated in HCV- and AlH-associ-
ated cirrhosis compared to nondiseased liver tissue (sup-
plemental material). In HCV-associated cirrhosis bone
morphogenetic protein 3, Erb B4, hepatocyte growth fac-



Table 1. The Twenty Most Up-Regulated Genes

Ratio of gene
up-regulation

by array
(A) The twenty most up-regulated genes in
HCV cirrhosis compared to
nondiseased tissue
Calcium/calmodulin dependant protein 4.6
kinase type IV catalytic subunit
Cyclin-dependent kinase inhibitor 1C 3.6"
(CDKN1C) p57-KIP2
Cellular retinoic acid-binding protein Il 5.2
Connective tissue growth factor (CTGF) 17.4*
Cytokine receptor EBI3 3.9"
CXCL8 (IL-8) 4.7
CXCL10 (IP-10) 4.0
Dihydropyridine-sensitive L-type calcium 3.7
channel beta-3 subunit
(CAB3A/CAB3B)
Insulin-like growth factor-binding protein 4.3
1 (IGFBP1)
Insulin-like growth factor-binding protein 3.7
3 (IGFBP3)
Integrin beta 1; VLA4 beta; CD29 57
Leucocyte interferon-induced peptide 3.8
6-16
Neurotrophic tyrosine kinase receptor- 4.9
related 3
Prohibitin 4.6
Proto-oncogene c-jun; transcription 6.2
factor AP-1
Secreted apoptosis related protein 3 5.5%
(SARP3, sFRP5)
Stromal cell derived factor 1 (CXCL12) 4.6
receptor (SDF-1 receptor; CXCR4)
Transducer of ERBB-2 (TOB) 5.1*
Transforming growth factor g 3 (TGF 4.8
B3)
Wee1Hu CDK tyrosine 15-kinase; wee- 4.3

1-like protein kinase

(B) The twenty most up-regulated genes
in HCV cirrhosis compared to AlH-
associated cirrhosis

Ratio of gene
up-regulation

CDC-like kinase 2 (CLK-2) 2.4
Connective tissue growth factor (CTGF) 2.5%
Cyclin-dependent kinase inhibitor 1C 2.2*
(CDKN1C) p57-KIP2
Cytokine receptor EBI3 1.8*
Cytotoxic ligand TRAIL receptor 2.3
Ephrin A3 3.4
Ephrin B3 2.7
Ephrin type A receptor 3 2.1
Discoidin domain receptor 1 (DDR1; 2.2
CD167)
Glutathione-S-transferase M1 2.2
HLA class | C-4 antigen alpha subunit 3.3
Insulin-like growth factor Il (IGF-II) 2.3
Interferon alpha 2 3.5
Low-affinity nerve growth factor receptor 1.8
(NGF receptor)
Neuromodulin (GAP43) 2.0
Prothymosin alpha 2.0
Secreted apoptosis related protein 3 6.0*
(SARP3; sFRP5)
TNF-related apoptosis inducing ligand 2.1
(TRAIL)
Transducer of ERBB-2 (TOB) 3.5*
Tyrosine-protein kinase receptor UFO 1.8
(AxI)

Up-regulation in both HCV- and AlH-associated cirrhosis are
marked with asterisks. Compensation for variation in reference gene
signal intensity was applied.

cDNA Array Analysis of HCV Cirrhosis 645
AJP February 2002, Vol. 160, No. 2

tor activator, dual-specificity mitogen-activated protein
kinase, high-affinity IL-8 receptor A, glutathione peroxi-
dase, and androgen receptor were all decreased greater
than fivefold in HCV-associated cirrhosis compared to
nondiseased tissue.

Differential expression at 1.5-fold or greater is pre-
sented in the supplemental material, categorized accord-
ing to known involvement in pathogenic processes. In
addition, the 20 most up-regulated and down-regulated
genes in both HCV- and AlH-associated cirrhosis are
listed in the supplemental material.

Differential Expression in HCV-Associated
Cirrhosis Compared to Nondiseased Liver

Inflammation (Figure 3, A and B)

Thi-associated molecules such as IFN-y receptor B
subunit, IL-2 receptor y subunit, IL-12« subunit, CXCL9,
CXCL10, and lymphotoxin B (Figure 3) and RANTES and
macrophage inflammatory protein-18 (supplemental ma-
terial) were increased in HCV-associated cirrhosis com-
pared to nondiseased liver. No Th2-associated cytokines
were up-regulated in HCV-associated cirrhosis (supple-
mental material, can be viewed at http://www.centenary.
usyd.edu.au/research/HCVarray.html). Increased expres-
sion in HCV of CCL2 (monocyte chemoattractant protein-1)
and the chemokine receptors CXCR4 and N-formyl-methio-
nyl-leucyl-phenylalanine related receptor | was seen. Adhe-
sion molecules such as integrin-g1 (CD29), integrin-B2
(CD18), and E-selectin (CD62E) as well as effectors of
tissue damage such as polymorphonuclear leukocyte my-
eloblastin were up-regulated. CD29, CXCL8 (IL-8), CXCR4,
CXCL10, cytokine receptor EB13, leukocyte IFN-induced
peptide 6-16, IFN-y receptor B subunit, and CCL2 were
up-regulated greater than threefold in end-stage cirrhotic
HCV tissue compared to nondiseased liver.

Fibrosis (Figure 3, C and D)

A number of growth factors and growth factor recep-
tors implicated in fibrosis, such as fibroblast growth fac-
tor-8, platelet-derived growth factor g8 subunit, keratino-
cyte growth factor receptor, and fibroblast growth
factor-1 receptor, were increased in HCV-associated cir-
rhosis. Fibrosis mediators such as CTGF, TGF-83, endo-
thelin receptor type B, EMMPRIN, and DDR1 were also
up-regulated. CTGF and TGF-B3 showed greater than
threefold increased expression in HCV.

Proliferation, Growth, and Regeneration (Figure 3, E
and F)

Many genes of the insulin growth axis, including insulin
receptor, insulin-like growth factor (IGF) IA, IGF-II receptor,
IGF-binding protein 1 (IGFBP-1), and IGFBP-3, were
increased in HCV-associated cirrhosis. The cell cycle-spe-
cific genes G,/S cyclin D3 and cell division cycle-like ki-
nases (CLK)-1, -2, and -3 were also up-regulated. In addi-
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Figure 3. Up-regulation of inflammatory, fibrosis, proliferation, signaling, and stress response-associated genes. Genes up-regulated twofold or greater in
HCV-associated cirrhosis compared to nondiseased liver tissue (A, C, E, G, I, and K) and AlH-associated cirrhosis (B, D, F, H, J, and L). Genes were categorized
by association with inflammation (A and B); fibrosis (C and D); proliferation, growth, and regeneration (E and F); intracellular signaling and nuclear (G and H);
stress response/oxidative stress (I and J); and uncategorized (K and L). Genes up-regulated in both comparisons are marked with asterisks.

tion to genes of the insulin axis a number of other trophic
factors, hepatocyte growth factor agonist/antagonist, vas-
cular endothelial growth factor, GDNF, low-affinity nerve
growth factor receptor, neuromodulin (GAP43), granulocyte
colony-stimulating factor, epidermal growth factor receptor,
Erb B2 receptor, Erb B3 receptor, and glial growth factor
were increased in HCV-associated cirrhosis. IGFBP-1,
WeelHu cyclin-dependent kinase, tyrosine 15-kinase,
IGFBP-3, CDKN1C, epidermal growth factor receptor sub-

strate 15, and IGF-Il receptor were increased threefold or
greater in HCV-associated cirrhosis.

Intracellular Signaling and Nuclear (Figure 3, G and H)

Many genes involved in signaling pathways had in-
creased expression in HCV. Genes of the mitogen-acti-
vated protein kinase pathway (eg, JNK1) and Erb B path-
way genes (eg, TOB) were up-regulated. Additionally,
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Figure 4. Up-regulation of apoptosis-associated genes in HCV and AIH
cirrhosis. Apoptosis-associated gene up-regulation of twofold or greater in
HCV-associated cirrhosis compared to nondiseased liver tissue (A) or ATH-
associated cirrhosis (B) and AlH-associated cirrhosis compared to nondis-
eased liver tissue (C) or HCV-associated cirrhosis (D). Genes in common
between comparisons are marked with asterisks.

multiple transcription factors such helix-loop-helix 1R21
and zinc finger in the multiple endocrine neoplasia-1 loci
were increased in HCV-associated cirrhosis.

Stress Response/Oxidative Stress (Figure 3, | and J)

The stress response was characterized by increased
expression of heat shock proteins (HSP-86 and heat
shock factor-1) and genes involved in the oxidative stress
response such as cytosolic superoxide dismutase 1 and
glutathione-S-transferase isoforms M1 and pi.

Uncategorized Genes (Figure 3, K and L)

Many genes have poorly characterized or multiple
functions and were not categorized with the above patho-
genic processes. Interesting differential expression in-
cluded ezrin, prothymosin «, ephrin A3, and ephrin type
A receptor 3, which had increased expression in HCV-
associated cirrhosis.

Apoptosis (Figure 4)

Multiple proapoptotic molecules including Fas recep-
tor (CD95) and TNF showed increased expression in
HCV cirrhosis. The proapoptotic molecule’s early re-
sponse protein NAK1, TR3 orphan receptor, and SARP3
were up-regulated greater than threefold in HCV cirrhosis
compared to both nondiseased tissue and AlH-associ-
ated cirrhosis. In contrast to SARP3, the anti-apoptotic
SARP1 was not differentially expressed (data not shown).
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A principal feature of the cDNA array analysis was the
many novel observations of differential gene expression.
The mammalian homologs of Drosophila genes, B-catenin
and two secreted frizzled related proteins (sFRP), SARP3
(sFRP5) and FRITZ (sFRP3), were increased in HCV-
associated cirrhosis. Six oncogenes (c-un, p56-Ick, c-
src, c-raf, c-fer, and ski) were up-regulated in HCV cirrho-
sis compared to nondiseased tissue. Furthermore, the
neural molecules neurotrophic tyrosine kinase-related re-
ceptor 3, neogenin, BDNF, GDNF, low-affinity nerve
growth factor receptor, high-affinity nerve growth factor
receptor, neuromodulin, glial growth factor, brain-spe-
cific tubulin a1 subunit, and substance K were increased
in HCV-associated cirrhosis.

Differential Expression in HCV-Associated
Cirrhosis Compared to AlH-Associated
Cirrhosis

The comparison between HCV- and AlH-associated
cirrhosis helped to identify genes that may be preferen-
tially involved in the pathogenesis of HCV-associated
cirrhosis (Figure 3; B, D, F, H, J, and L). Of relevance to
inflammation, IFN-a2 precursor expression was greater in
HCV- than AlH-associated cirrhosis. In both HCV- and
AlH-associated cirrhosis up-regulation of Th1 genes was
observed. However, there was also increased expression
of Th2-associated IL-5, IL-11, and IL-13 in AlH-associ-
ated cirrhosis but not in HCV-associated cirrhosis (sup-
plemental material, can be viewed at http://www.
centenary.usyd.edu.au/research/HCVarray.html). IGF-II,
IGF-Il  receptor, cell division cycle-like kinase 2,
CDKN1C, neuromodulin, and the fibrosis-associated
molecules CTGF and DDR1 were increased in HCV-as-
sociated cirrhosis compared to AlH-associated cirrhosis.
The cytoplasmic signaling/nuclear-associated gene data
highlighted some of the differences between HCV- and
AlH-associated cirrhosis. TOB expression was greater in
HCV- than AlH-associated cirrhosis. Differential expres-
sion was also seen in the stress-related genes, with glu-
tathione-S-transferase M1 increased in HCV compared to
AlH. Notable among the uncategorized genes was the
increased expression of ephrin A3, ephrin type A recep-
tor 3, and ephrin B3 in HCV-associated cirrhosis com-
pared to AlH-associated cirrhosis.

A striking difference was seen in apoptosis-associated
gene expression (Figure 4, C and D). The proapoptotic
SARP3 was clearly increased in HCV compared to AlH. In
contrast, a number of anti-apoptosis-associated genes
were up-regulated in AlH but not in HCV-associated cir-
rhosis compared to nondiseased tissue. These included
inhibitor of apoptosis protein (IAP)-1, IAP-2, and |AP-3;
and the four anti-apoptotic Bcl-2-related proteins Bcl-2,
Bcl-w, Bcl-2 A1, and Bcl-2 adenovirus E1B 19-kd inter-
acting protein.

Differential Expression in Hepatitic and Biliary
Cirrhosis

The gene expression data on HCV-associated cirrhosis
and AlH-associated cirrhosis from this study were exam-
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Figure 5. The 10 most differentially expressed genes in human cirrhosis.
Data from the current study in hepatitic cirrhosis were combined with our
previously published expression data on PBC and PSC cirrhosis®® compared
to nondiseased liver tissue. The genes were ranked according to their mean
expression in HCV, AIH, and PSC cirrhosis and PBC compared to nondis-
eased tissue.

ined alongside previous expression data on PBC- and
PSC-associated cirrhosis.?®® This analysis identified
genes that were differentially expressed in all four forms
of cirrhosis compared to nondiseased tissue (Figure 5).
Consistently down-regulated genes in all forms of cirrho-
sis were acyl-CoA-binding protein, paired box protein
PAX-5, and dual-specificity mitogen-activated protein ki-
nase kinase 1. Hepatitic cirrhosis (HCV- and AlH-associ-
ated cirrhosis) but not biliary disease (PSC-associated
cirrhosis and PBC) exhibited increased expression of
prothymosin «, heat shock protein 27, glutathione-S-
transferase pi, and oncostatin M (supplemental mater-
ial, can be viewed at http://www.centenary.usyd.edu.au/
research/HCVarray.html). Similarly, biliary, but not hepa-
titic, cirrhosis exhibited increased expression of IFN-y
receptor B subunit, IL-1a, and follicle-stimulating hor-
mone receptor (supplemental material).

Statistical Analysis of Array Reproducibility

Correlation coefficients following regression analysis for
the three comparisons for the ATLAS Human Gene Array
and the ATLAS Cytokine Receptor Array, respectively,
were: HCV compared to normal R? = 0.78 and 0.70, HCV
compared to donor liver RZ = 0.81 and 0.90, and HCV
compared to AIH R = 0.93 and 0.98, with P < 0.001 for
all three comparisons.

The two methods of determining differential gene ex-
pression were compared by subtracting, for each gene,
the ratio determined by regression analysis from the ratio
determined by adjustment for housekeeping gene ex-
pression (see methods). The three comparisons, of HCV
to normal, donor, and AlH, had a total of 2359 determi-
nations of differential gene expression and the mean
difference between the two methods was 0.48 = 0.015.
Additionally, the donor and normal populations were
compared to determine their similarity. These two popu-
lations were compared by subtracting the ratio deter-
mined in HCV compared to normal tissue from the ratio in
HCV compared to donor tissue, for each gene. The 1572
duplicate comparisons showed a mean difference of only
0.008 = 0.026.

There were 190 genes common to both cDNA arrays.
With the four probes on the two arrays there was a strong
correlation of the 760 duplicate signals (R® = 0.76, P <
0.001). Similarly the 760 duplicate signals were com-
pared by subtracting the regression ratio determined in

HCV- or AlH-associated cirrhosis compared to nondis-
eased tissue. The 760 duplicate signals showed a mean
difference of only 0.11 + 0.017.

Although the data are expressed numerically and the
above analyses convey its precision and reproducibility,
the great strength of this technique is identification of
differentially expressed genes rather than quantitation of
individual gene expression. To quantify and confirm in-
creased individual gene expression, techniques such as
Northern blot analysis or quantitative RT-PCR are re-
quired.?324

Quantitation of Differentially Expressed mRNAS

Increased expression of 15 selected genes was shown
by real-time RT-PCR analysis of individual patient spec-
imens including all of the cirrhosis specimens analyzed
on the cDNA arrays (Figure 6). Quantitation was done
twice on each of two separate cDNA syntheses. CTGF
was the most abundantly expressed gene with 4.3 X
107 = 1.1 X 107 relative copies per ug RNA in HCV-
associated cirrhosis. Conversely, BDNF was the least
abundant transcript quantified with 2.3 X 102 = 0.7 X 102
relative copies per ug RNA in nondiseased tissue. Ubig-
uitin levels were similar in all samples.

Cellular Localization of Differentially Expressed
Proteins

B-Catenin and EMMPRIN were chosen for protein local-
ization by immunohistochemistry because these genes
are important in Wnt pathway signaling and fibrosis, re-
spectively. All hepatocytes and interlobular bile ducts
were immunopositive for EMMPRIN and B-catenin in the
nondiseased liver specimens examined. The localization
of B-catenin and EMMPRIN was predominantly to the
plasma membranes of hepatocytes and biliary epithe-
lium. However, immunopositivity was greater in cirrhotic
liver (Figure 7). Increased EMMPRIN immunopositivity in
cirrhosis was in the hepatocyte plasma membrane (Fig-
ure 7, B and C) and in proliferating bile duct structures of
the fibrosis stroma (Figure 7, D and E). Increased B-cate-
nin immunopositivity in cirrhosis seemed to be confined to
proliferating bile duct structures in the fibrous septa (Figure
7, H and J). Similar patterns of immunostaining for both
B-catenin and EMMPRIN occurred in HCV, AlH, and hepa-
titis B-associated cirrhosis and PBC (data not shown).

Discussion

Intrahepatic cDNA array analysis is a novel approach to
examine gene expression in cirrhosis. Using cDNA array
analysis we identified many differences at the mRNA
level in the molecular pathways of HCV-associated cir-
rhosis compared to nondiseased liver tissue and AlH-
associated cirrhosis. In HCV-associated cirrhosis in-
creased expression of genes associated with a dominant
Th1 immune response and chronic inflammation was
seen. Furthermore, in HCV-associated cirrhosis com-
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Figure 6. Quantitation of differential expression by RT-PCR. Quantitative real-time RT-PCR data (mean and SE) on mRNA from HCV-associated cirrhosis (12 = 6)
and nondiseased (17 = 4) liver. The depicted differential expression data are in three groups: A, extracellular matrix metalloproteinase inducer (EMMPRIN), CTGF,
helix-loop-helix 1R21, TOB, CXCR4, cell division cycle-like kinase 2 (CLK2), discoidin domain receptor 1 (DDR1), and ephrin A3; B, Drosophila homologs
including SARP3 and FRITZ; and C, neural-associated genes including BDNF, GDNF, and neuromodulin (GAP43).

pared to AlH-associated cirrhosis a striking difference in
the profiles of apoptosis-associated genes was ob-
served. SARP3, a proapoptotic molecule not previously
studied in cirrhosis, was significantly increased in HCV-
associated cirrhosis. In contrast, many anti-apoptotic
molecules were up-regulated in AlH-associated cirrhosis.
Concordant with the inflammation and apoptosis gene
profiles, trophic growth factors such as IGF-Il and IGF-II
receptor were increased in HCV- compared to AlH-asso-
ciated cirrhosis. Hence, cDNA array analysis showed
differential gene expression patterns consistent with
chronic inflammation and greater hepatocellular apopto-
sis and hepatocellular proliferation in HCV- than in AlH-
associated cirrhosis. cDNA array analysis generated
many novel observations of gene up-regulation, including
increased expression of genes of the Wnt pathway and
many neural genes. We observed qualitative agreement
between the cDNA array and real-time RT-PCR methods
of examining differential expression. Additionally, the ex-
pression data from the arrays concurred with many pub-
lished studies of intrahepatic gene expression.

The inflammatory response detected by our gene array
analysis concords with previous data showing that an
intrahepatic Th1-like immune response persists in
chronic HCV infection.®*'° The expression levels of
many Th1 immune response-associated genes but no

Th2-associated genes were increased in HCV-associ-
ated cirrhosis. The inflammatory gene profile in HCV-
associated cirrhosis differed from the mixed Th1- and
Th2-associated gene expression observed in AlH (sup-
plemental material, can be viewed at http://www.
centenary.usyd.edu.au/research/HCVarray.html) and
PSC?¢-associated cirrhosis and PBC.?® The observed
increases in CXCL9, CXCL10, and CXCR4 expression
concord with previous studies of these chemokines in
HCV infection.8°3"32 Several nonspecific inflammatory
mediators such as N-formyl-methionyl-leucyl-phenylala-
nine-related receptor 1, myeloblastin, and CXCL8 were
also increased. The roles of inflammation-associated
genes such as cytokine receptor EBI3, leukocyte IFN-
induced peptide 6-16, IL-11, and the T-cell activation
molecule CD27 have not been previously studied in HCV
liver injury. Some molecules that were increased in HCV-
associated cirrhosis are inflammatory cell effectors of
tissue damage. For example, polymorphonuclear leuko-
cyte myeloblastin, which degrades fibronectin, laminin,
vitronectin, and collagen type IV as well as activating TNF
and TGF-B and increasing CXCL8 expression, exhibited
up-regulation. Given that these inflammation-associated
genes are likely to have restricted expression to minor
cell populations the increases in expression in those cell
types may be considerable. The inflammatory gene pro-
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file in HCV-associated cirrhosis is consistent with a dom-
inant Th1 immune response combined with a significant
nonspecific inflammatory response and expression of ef-
fectors of tissue damage. Reasons for the failure of this
inflammatory response to eliminate the virus remain un-
Clear.

The fibrotic response was well characterized by the
gene array analysis. Previously documented mediators of
fibrosis such as CTGF, TGF-B, fibroblast growth factors,
and integrins were shown to be up-regulated.®3>3° The
increased expression of DDR1 in HCV-related liver injury
is novel. DDR1, which triggers the release of MMP-1 in
response to collagen binding. DDR2, another discoidin
domain receptor, is expressed by activated HSCs, me-
diating their proliferation and MMP-2 release.®® The fibro-
sis gene expression profiles in HCV, AlH, and PSC cir-
rhosis and PBC seem to be similar. We confirmed
increased EMMPRIN expression in HCV cirrhosis, which
is also seen in PBC,?® by immunostaining and RT-PCR.
The immunostaining showed that EMMPRIN in human
cirrhosis is predominantly expressed by hepatocytes.
EMMPRIN has been shown to be expressed by tumor
and epithelial cells and interacts with fibroblasts resulting
in increased expression of MMP-1, MMP-2 (collagenase),
and MMP-3 (stromelysin-1).37-4"

The increased expression of CTGF, an important fibro-
sis mediator, in PBC and in HCV-, AlH-, and PSC-asso-
ciated cirrhosis concords with recent studies of chronic
HCV infection and experimental, CCl,-induced, cirrho-
sis.’® CTGF is mitogenic and induces extracellular matrix
production by fibroblasts.*?> CTGF expression increases
in response to TGF-B but is not induced by platelet-
derived growth factor, epidermal growth factor, or basic
fibroblast growth factor.*® The principle source of CTGF
in the cirrhotic human liver is HSCs of the fibrous septa
and portal tracts."®

Cellular proliferation and regeneration are hallmarks of
cirrhosis and many intrahepatic regeneration and growth-
associated genes were shown to be increased in HCV-
associated cirrhosis. Cell cycle-specific cyclins were up-
regulated, possibly as a consequence of increased
proliferation stimulated by growth factors. Increased
growth factor expression included epidermal growth fac-
tor and keratinocyte growth factor. Vascular endothelial
growth factor, which is associated with angiogenesis,
fibrosis, and tumorigenesis was shown to be increased in
HCV-associated cirrhosis, concordant with previous
studies.** Moreover, many oncogenes and components
of the insulin axis were up-regulated in HCV cirrhosis. The
potent mitogenic activity of IGFs is evident in studies of
malignancy.*® An additional activity of IGFs is their ap-
parent involvement in the initiation of HSC proliferation
during hepatic fibrogenesis.*®4” The overall increased
expression of genes involved in growth and regeneration

is consistent with active cellular proliferation in end-stage
HCV cirrhosis.*® Triggers of proliferation in individual cell
types, especially the hepatocyte and HSC, require further
investigation.

Apoptosis is an important pathogenic process in liver
diseases. Viral hepatitis, and HCV infection in particular,
involves increased hepatic apoptosis. Both known and
novel observations of differential expression in molecules
associated with apoptosis were seen in HCV-associated
cirrhosis. These novel observations included increased
expression, seen by RT-PCR, of SARP3, FRITZ, Wnt-5a,
and B-catenin. SARP3*° has a cysteine-rich frizzled-like
domain and has not been studied in liver disease. Based
on sequence homology, SARP3 and its relative
FRITZ%°5" are likely to be proapoptotic.5® Frizzled pro-
teins are Wnt receptors and signal transduction through
B-catenin is thought to be responsible for modulating
several fundamental cellular growth and differentiation
signals.®3** Both FRITZ and SARP3 are thought to inter-
fere with Wnt signaling and therefore influence not only
apoptosis but also cell growth and polarity.>>°° The in-
creased B-catenin expression in HCV-associated cirrho-
sis suggests that there are modulators of Wnt signaling in
this disease in addition to SARP3 and FRITZ. The immu-
nostaining of B-catenin was generally consistent with pre-
vious observations on hepatocellular-associated HBV
and HCV cirrhosis.®” Importantly, we examined expres-
sion additionally in AIH cirrhosis and PBC. The previous
work®” reported immunoreactivity of B-catenin restricted
to the lateral surface of hepatocyte membranes but we
also observed intense expression on the luminal aspect
of biliary epithelium. Up-regulation of Wnt pathway-asso-
ciated genes was first noted in PBC.2® Many more Wnt
pathway-associated genes were observed to be in-
creased in PBC- compared to HCV-associated cirrho-
sis.?® However, SARP3 was not increased in PBC-, AlH-,
or PSC-associated cirrhosis.

The above discussion has primarily focused on differ-
ential gene expression in HCV cirrhosis compared with
nondiseased liver tissue. Such differential expression
may be generally involved in cirrhosis or inflammation
rather than be specific for HCV disease. Therefore, HCV
cirrhosis was compared to another hepatitic cirrhosis,
AlH. Although the inflammation and fibrosis gene profiles
were generally similar it was of interest that IFN-a and
MHC class | genes were more up-regulated in HCV-
associated cirrhosis perhaps reflecting a direct viral ef-
fect. In addition, Th2-related gene expression was seen
in AlH-associated cirrhosis but not in HCV-associated
cirrhosis. A major difference was noted in apoptotic gene
expression in both HCV and AlH cirrhosis. In HCV-asso-
ciated cirrhosis the expression levels of proapoptotic
genes such as Fas, TNF-«, and SARP3 were greater than
in AlH-associated cirrhosis. In contrast, the recognized

Figure 7. Cellular localization of B-catenin and EMMPRIN (CD147). Immunostaining of nondiseased (A and F) and HCV (B, C, E, G, and H)- and AIH (D and
D-associated cirrhosis liver specimens are shown. The immunostaining on frozen sections of EMMPRIN (A to E) and B-catenin (F to I) shows localization of these
antigens predominantly to the plasma membranes of hepatocytes and biliary epithelial cells. EMMPRIN and B-catenin immunopositivity of biliary epithelium was
greatest at the luminal aspect of the plasma membrane (D and I, arrows). The increased EMMPRIN immunostaining was seen in the plasma membranes of
hepatocytes in cirrhosis (A and B, arrows). Increased B-catenin immunostaining in cirrhosis was confined to the proliferating bile duct structures within the
fibrous septa (F and H, arrows). J: The isotype control on HCV cirrhosis. Immunoperoxidase stain using the NovaRED substrate and hematoxylin counterstain.
Original magnifications: X50 (C and H); X100 (A, B, D, G, I, and J); and X400 (E).
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inhibitors of apoptosis, IAP-1, IAP-2, and |AP-3; and four
anti-apoptotic Bcl-2-associated genes, Bcl-2, Bel-w, Bel-
2-related protein A1, and adenovirus E1B 19-kd interact-
ing protein were increased in AlH-associated cirrhosis.
These differences in the expression of apoptosis-related
genes may at least partially explain the observed in-
crease in cellular apoptosis in HCV.%85° The increased
expression in HCV-associated cirrhosis of a number of
trophic factors such as IGF-Il and cell cycle-specific
genes compared to AlH-associated cirrhosis is consis-
tent with greater cell turnover in HCV-associated cirrho-
sis.®%®" Increased expression of genes such as the
ephrins, ephrin receptors, vascular endothelial growth
factor, Erb B2, and EMMPRIN possibly reflect increased
cell turnover and associated remodeling that in turn pre-
disposes to malignancy.*® Genes such as Erb B2°%:€3
and vascular endothelial growth factor®*®° have well-
defined roles in tumor progression. Thus, the data pre-
sented here may help explain the increased malignant
potential of HCV liver injury compared to other chronic
inflammatory liver conditions such as AlH.

Hepatocytes are the major contributant to preparations
of whole liver mRNA and our immunostaining data on
EMMPRIN and B-catenin clearly indicates that hepato-
cytes are a major source of these proteins in the liver.
However, differential gene expression in other cell types
such as HSCs, endothelial cells, Kupffer cells, T cells,
and macrophages may be responsible for some of our
observations. Analysis of mMRNA from isolated subpopu-
lations of cells may be informative. However, such stud-
ies require careful interpretation because isolation meth-
ods may activate cells, especially when cell culture is
involved, and removes cellular and extracellular matrix
interactions that are present in the solid organ. Studies
such as this represent a previously unparalleled means of
profiling genes in the hepatic transcriptome. However,
the intrahepatic gene profile presented in this and other
studies represents only a small fraction of the liver tran-
scriptome. Therefore, many potentially important genes
that are differentially expressed may not have been iden-
tified in this study.

The overall interpretation of our gene array data differs
from conclusions drawn using gene microarrays to ex-
plore the pathogenesis of chronic hepatitis virus infec-
tion.?” Honda and colleagues®’ concluded that chronic
HCV infection is associated with a predominant anti-
inflammatory, proproliferative, anti-apoptotic intrahepatic
gene profile. However, a careful examination of their data
indicates a proinflammatory, proapoptotic, proprolifera-
tive expression profile in concordance with our data.
Increased expression of ADAM-9, IL-15 receptor, IL-2
receptor (CD25), CD69, CD44, IFN-y inducible protein,
monokine induced by vy IFN, MHC class |, IL-1 receptor,
CD53, CD58 (LFA-3), CD79, and GM-CSF was present in
chronic HCV but not commented on.?” The up-regulation
of these genes indicates persisting chronic immune ac-
tivation in the liver, ie, a proinflammatory not an anti-
apoptotic gene profile as claimed. Their microarray data
also shows up-regulation in chronic HCV infection of
proapoptotic genes, including caspase 10, TNF recep-
tor-associated factor-2 (TRAF-2), TNF receptor-associ-

ated factor-6 (TRAF-6), and TNF receptor-associated
protein-1 (TRAP-1). Thus we believe that our data con-
cord with those of Honda and colleagues.?” Both studies
reveal up-regulation of proinflammatory, proproliferative,
and proapoptotic genes in HCV cirrhosis. We speculate
that such a gene profile reflects the underlying basis of
the propensity of HCV-associated cirrhosis to develop
HCC. Such a hypothesis requires further study at the
cellular and subcellular level.
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